The objective of this study was to determine the effect of the concentration of C18:3 n-3 and the total concentration of polyunsaturated fatty acids (PUFA) and n-3 PUFA in the diet on the performance of pigs, carcass characteristics, and fatty acid profile of intramuscular fat of Musculus longissimus dorsi (MLD) and subcutaneous tissue (ST) fat. Twenty-four crossbred pigs ♂Duroc x ♀(Polish Large White x Danish Landrace) were divided into 3 groups (A, B, and C) and from 60 to 105 kg body weight (BW) were fed isoenergetic (average 13.5 ME MJ . kg -1 ) and isolysinic (average 7.4 g . kg -1 standardized ileal digestible lysine) diets in which 10% of the metabolizable energy had been replaced by fat mixtures totaling 3.5% per kg diet. Diet A contained 1% rapeseed oil, 2% fish oil, and 0.5% lard; diet B contained 2.5% rapeseed oil and 1% linseed oil; and diet C contained 2.5% linseed oil and 1% fish oil. The diets had similar amounts of C18:2 n-6, but differed in the amounts of C18:3 n-3 (ALA), 20:5 n-3 (EPA), and 22:6 n-3 (DHA).
INTRODUCTION
The fatty acid composition of meat has long been studied but still receives much attention due to its implications for human health (e.g., Laaksonen et al., 2005) . The recommendations of the World Health Organization (WHO/FAO, 2003) resulted in increased interest in meat containing beneficial fatty acids. Natural sources of n-3 polyunsaturated fatty acids (n-3 PUFA), mainly eicosapentaenoic (EPA, 20:5 n-3) and docosahexaenoic (DHA, 22:6 n-3) acids, are marine fish. In Central Europe, however, the consumption of these fatty acids derived from fish is low and traditional eating habits are difficult to change within a population. The consumption of n-3 PUFA from terrestrial animal products is mainly limited to the intake of α-linolenic acid (ALA, C18:3 n-3) and very small amounts of EPA and DHA. For this reason, one of the ways to increase consumption of n-3 PUFA is to enrich traditional food products (meat and meat products) in it (Rae's et al., 2004) . It is advised to adapt animal feeding strategies to bring the fatty acid composition of terrestrial animal products more in line with the values proposed in the various nutritional recommendations for humans. The quantity and composition of fatty acids in the diet affects the amount and quality of compounds accumulated in the body, the fatty acid profile, and the sensory value of meat (e.g., Kloareg et al., 2007; Flachowsky et al., 2008) . Using linseed oil or fish oil in the feeding of pigs makes it possible to modify the chemical composition of the carcass in such way to make it nutritionally beneficial to humans (e.g., Flachowsky et al., 2008; Jaturasitha et al., 2009) . In humans, linoleic acid (LA, C18:2 n-6) and ALA are classified as essential fatty acids, i.e., they must be supplied in the diet. The organisms of both humans and pigs are able to metabolize about one-third of dietary ALA to EPA and docosapentaenoic acid (DPA, C22:5 n-3), and to a lesser degree, to DHA (e.g., Kloareg et al., 2007) . It was found, however, that LA and ALA as precursors of long-chain PUFA cannot be regarded as the only source of EPA and DHA in the diet. Indeed, as humans age, the capacities of enzymes (elongases, ∆6-and ∆5-desaturases) involved in the biosynthesis of EPA, DPA, and DHA has been found to decrease (Heird and Lapillonne, 2005) . For this reason, fish oils are a better source of EPA and DHA and are used to modify the fatty acid profile of the carcass, thereby effectively enhancing pork in long-chain polyunsaturated fatty acids.
Recent literature (e.g., Kloareg et al., 2007; Wood et al., 2008; Więcek et al., 2010) provides data on the relationship between diets enriched in a single vegetable oil (e.g., linseed or rapeseed oil) and the fatty acid profile of pork.
The aim of the current study was to investigate changes in the fatty acid concentration of intramuscular fat in Musculus longissimus dorsi and subcutaneous tissue fat in pigs fed from 60 to 105 kg body weight (BW) diets in which part of the metabolizable energy was replaced by fat mixtures containing different amounts of α-linolenic, eicosapentaenoic, and docosahexaenoic acids, but having similar concentrations of linoleic acid. We expected to find an optimal diet composition that most favourably changes the fatty acid profile (n-3 PUFA concentration) and positively influences the ratios of PUFA/SFA, Σn-6/Σn-3 to improve the quality and health-promoting properties of pork.
MATERIAL AND METHODS

Animals and housing
The study was carried out on 24 crossbred pigs (barrows:gilts, 1:1) ♂Duroc x ♀(Polish Large White x Danish Landrace) grown from 60 to 105 kg body weght (BW). At 60 kg BW the animals were allotted into 3 groups (n=8 per group) and kept individually in pens (2.6 m 2 ) equipped with nipple drinker, on a concrete floor without straw. Granulated feed was offered dry at a dose of 85% of ad libitum intake twice a day (at 8.00 and 14.30). The feed allowance was changed weekly according to body weight.
Diets
The three experimental diets were composed of barley, maize, wheat, soyabean meal, rapeseed meal, and supplemented with a vitamin-mineral mixture enriched with crystalline amino acids. Pigs from 60 to 105 kg BW were fed isoenergetic (average 13.5 ME MJ . kg -1 ) and isolysinic (average 7.4 g . kg -1 standardized ileal digestible lysine) diets where 10% of the metabolizable energy had been replaced by fat mixtures for a total of 3.5% per kg diet. Diet A contained 1% rapeseed oil, 2% fish oil, and 0.5% lard; diet B contained 2.5% rapeseed oil and 1% linseed oil; diet C contained 2.5% linseed oil and 1.0% fish oil ( Table 1 ). The experimental diets contained 150 mg . kg -1 of vitamin E to protect PUFAs against auto-oxidation. All diets had practically the same amount of linoleic acid (LA), but differed in the amounts of ALA, EPA, DHA, and the C18:2 n-6/C18:3 n-3 ratio.
Sample collection
The apparent digestibility of nutrients was determined (on 12 pigs, 4 per group) at approximately 80 kg BW, applying three-day collection of faeces, using the Cr 2 O 3 indicator method. At 105 kg BW and after 16 h of starvation, all of the pigs were slaughtered using electrical stunning at the experimental slaughter house of our Institute. After slaughter, the carcass was weighed and chilled for 24 h at 4 o C. After chilling, the entire Musculus longissimus dorsi from the left half of the carcass was removed and weighed. Each right half-carcass was weighed and next dissected into primal cuts (belly, ham, loin, shoulder, and neck) according to the standardized procedure described by Różycki (1996) . Each primal cut was further weighed and dissected into muscle and subcutaneous fat. Next, the entire Musculus longissimus dorsi and subcutaneous fat were ground separately and a random sample of 500 g was taken from each tissue, homogenized, packed into foil bags, frozen, and kept at -20 o C until analysis of the ether extract and fatty acid composition.
Chemical analysis
Dry matter, ash, crude protein, ether extract contents in the diets and faeces were determined according to AOAC (1995) . Chromic oxide in the diets and faeces was assayed according to the method described by Fenton and Fenton (1979) . Metabolizable energy of the diets was calculated according to the following formula: ME = (0.0205 x dBO) +(0.0398 x dTS) + (0.0173 x S) + (0.0160 x C) + (0.0147
where: dBO -digestible protein; dTS -digestible fat; dSO -digestible organic matter; S -starch; C -simple sugar (RFES, 2003) . Dietary lipids, Musculus longissimus dorsi (MLD), and subcutaneous (ST) fat samples were extracted with chloroform-methanol (2:1) according to the method of Folch et al. (1957) . Fatty acid methyl esters were separated by gas chromatography on a GC-2010 AF Schimadzu gas chromatograph equipped with a 60 m capillary column (BPX70) having a 0.25 mm inner diameter and coating thickness of 0.25 µm. The operating conditions were as follows: helium was used as the carrier gas, the split ratio was 1:100, injector temperature, 260°C, detector temperature, 260°C; the initial column temperature, 140°C, was held for 1 min, then increased to 200°C at a rate of 4°C/min, then increased to 220°C at a rate of 1°C/min. The total run time was 36 min. Individual fatty acid peaks were identified by comparison with a commercial standard, Supelco 37 Component FAME Mix.
Statistical analysis
Statistical analysis was performed using Statgraphics Centurion (version XV, 2005) software. The effect of diets on the carcass characteristic of pigs was examined with one-way ANOVA. The concentration of fatty acids of subcutaneous and intramuscular fat was analysed using two-way ANOVA with a model that included the fixed effects of diet, tissue, and diet x tissue interaction. The significance of differences between pair-wise combinations of the least squares means was tested. Due to the close relation between animals (litters) and the identical ages of pigs at slaughter, the effect of origin and age of animals was not included in the models.
RESULTS
The metabolizable energy concentration and digestible protein content in the diets were similar (average13. Table 1 ; 2 PUFA/SFA -the ratio of total polyunsaturated fatty acids (PUFA) to saturated fatty acids (SFA) Average daily metabolizable energy and apparent digestible lysine intake amounted to 1.23 MJ ME and 0.68 g per kg 0.75 , respectively, and resulted in a daily gain of 960 g on average for all groups. There were no differences among the groups in daily weight gain. Carcass characteristics are shown in Table 3 . Different fat mixtures in the diets had no effect on whole carcass, primal cuts, subcutaneous adipose tissue, or MLD weight as well as meat and total fat content in the carcass.
The FA composition in the intramuscular fat of Musculus longissimus dorsi and subcutaneous fat is shown in Table 4 . Table 1; 2 SE -standard error of a mean; 3 PUFA/SFA -the ratio of total polyunsaturated fatty acids (PUFA) to saturated fatty acids (SFA); a,b means within the same line with no common superscripts differ at P<0.05;
A, B means within the same line with no common superscripts differ at P<0.01; NS -not significant
The diets influenced the concentration of PUFA, which was higher (P<0.01) in pigs fed diets B and C (average 20.14%) than in the animals fed diet A (17.64%). These results are related to the concentrations of LA and ALA. The concentration of LA was higher in pigs fed diets B and C compared with those fed diet A (average 15.68 vs 14.66 %; P<0.05). The concentration of ALA was, however, the highest in animals fed diet C, lower in those fed diet B, and the lowest in pigs fed diet A (3.33, 2.23, and 1.29, respectively; P<0.01). The PUFA/SFA ratio also was higher (P<0.05) in pigs fed diets B and C (average 0.59) than in those fed diet A (0.49). The ratio of C18:2 n-6/C18:3 n-3 was much lower in pigs fed diet C, higher in those fed diet B, and the highest in animals fed diet A (5.16, 7.32, and 11.87; respectively; P<0.01) . When the ratio of total n-6 PUFA /n-3 PUFA(Ʃn-6/Ʃn-3) was taken into consideration, however, it was the highest in pigs fed diet A, lower in those fed diet B, and the lowest in animals fed diet C (6.73, 5.00, and 3.75; respectively; P<0.01). The concentrations of the remaining FA were not affected by the feeds.
The type of tissue, muscle (MLD) and fat (ST), influenced the fatty acid profile. In MLD fat, the concentration of SFA was higher compared with ST fat (average 36.98 vs 33.63%, respectively; P<0.01). The concentration of total MUFA did not differ between tissues, however, the content of palmitoleic acid (C16:1 n-7) in MLD fat was higher (P<0.01) than in ST fat (2.28 vs 1.37%, respectively). The concentration of PUFA was higher (P<0.01) in ST fat compared with MLD fat (average 23.66 vs 14.95%, respectively). The concentrations of LA and ALA were higher (P<0.01) in ST fat than in MLD fat (average 19.54 and 3.10% vs 11.13 and 1.47%, respectively). The concentrations of EPA, DPA and DHA, however, were higher (P<0.01) in MLD fat compared with ST fat (average 0.55, 0.73, and 0.36% vs 0.07, 0.12, and 0.11%, respectively). MLD fat contained a higher (P<0.01) concentration of arachidonic (AA, 20:4 n-6) acid than ST fat (average 0.77 vs 0.11%, respectively). The ratio of PUFA/SFA was greater (P<0.01), however, in ST fat than in MLD fat (average 0.71 vs 0.40, respectively), but that of C18:2 n-6/ C18:3 n-3 was lower (P<0.01) in ST fat than in MLD fat (average 7.45 vs 8.78, respectively), and the Ʃn-6/Ʃn-3 ratio was lower (P<0.01) in MLD fat compared with ST fat (average 3.93 vs 6.39, respectively).
Moreover, significant interactions between experimental treatments were found for the following investigated features: the concentration of C18:3 n-3 (P<0.01), PUFA/SFA (P<0.03) and ∑n-6/∑n-3 (P<0.01) ratios.
DISCUSSION
The fat mixtures used in the study did not influence the growth rate or feed conversion ratio due to the same energetic, nutritive value and feeding regime (85% of ad libitum). These results are in agreement with previous studies (e.g., Nguyen et al., 2003) .
According to our assumptions, replacing part of the energy of the basal diet by different fat mixtures also did not influence meat or subcutaneous fat content in the carcass. The fat mixtures had no effect on other slaughtering parameters (e.g., meat content), either.
The results of our study and also those carried out by other authors (e.g., Kouba et al., 2003; Flachowsky et al., 2008; Wood et al., 2008) confirm that it is possible to change the content of FA and the relation between fatty acids belonging to the n-6 and n-3 series in pig tissues by applying an appropriate source of fat in the diet. In our study, the supplemented mixtures of fat showed significant effects on all fatty acids in the tissues. Higher concentrations of fatty acids in the diet resulted in a higher percentage of specific fatty acids in tissues. Pigs fed the diet supplemented with linseed oil and fish oil increased the concentration of n-3 PUFA, particularly C18:3 n-3 in their tissues, those fed the diet with rapeseed oil and fish oil had increased C18:2 n-6 and n-3 PUFA concentrations in their tissues.
Furthermore, all of these vegetable oils reduced the ratio of PUFA/SFA and Ʃn-6/Ʃn-3 in the investigated tissues, but to different degrees, which was dependent on the n-3 PUFA content in the tissues. Our results are in agreement with other studies (e.g., Bryhni et al., 2002; Flachowsky et al. al., 2008; Wood et al., 2008; Guillevic et al., 2009; Skiba et al., 2011) .
The results of our experiment show that the diet containing linseed oil and fish oil, having the highest concentration of n-3 PUFA, had the most favourable influence on the fatty acid profile and on the PUFA/SFA and Ʃn-6/Ʃn-3 ratios.
The use of this diet makes it possible to obtain pork characterized by good quality and health-promoting properties. Moreover, meat and fat from pigs fed this diet achieved values most similar to the WHO recommendations. In our previous studies we also found significant differences between the ratio of PUFA/SFA and Ʃn-6/Ʃn-3 in the tissues of pigs of different breeds fed diets supplemented with a single oil (Raj et al., 2010; Skiba et al., 2011) . In these studies we found the most preferable ratio of PUFA/SFA in the subcutaneous fat of pigs restrictively fed a diet containing linseed oil, as compared with pigs fed diets supplemented with rapeseed or fish oils. We found the lowest ratio of PUFA/SFA in the tissues of pigs fed a diet supplemented with tallow. Raj et al. (2010) found differences in fatty acid profiles of breeds when pigs were fed the same diet ad libitum. found that the ratio of PUFA/SFA is first of all influenced by genetics (mainly the overall fat level of the animal and intramuscular fat content) and less by nutrition. Furthermore, in the presented study we found that the Ʃn-6/Ʃn-3 ratio is highly influenced by the composition of dietary fatty acids, as the lowest value of this ratio was in pigs fed the diet containing the highest concentration of n-3 PUFA. Pigs fed a diet with the moderate and the lowest concentrations of this group of fatty acids had worse Ʃn-6/Ʃn-3 ratio than recommended by the WHO. Moreover, we found that it is better to modify the fatty acid composition of pig tissues by using mixtures of fats than single oils (Raj et al., 2010; Skiba et al., 2011) . Similar results have been found by other authors (e.g., Nguyen et al., 2003; Więcek et al., 2010) .
Diets did not affect the content of SFA, MUFA, or LA in the intramuscular fat of the Longissimus dorsi muscle and subcutaneous fat. Both of these tissues differed significantly, however, in the content of omega-3 (n-3) fatty acids. The diet that most improved the content of these acids contained a mixture of linseed and fish oils. For this reason, tissues of pigs fed this diet also had significantly improved PUFA/SFA and Ʃn-6/Ʃn-3 ratios. These indicators fulfilled the requirements for health-promoting properties of pork.
We found more preferable PUFA/SFA and Ʃn-6/Ʃn-3 ratios in the intramuscular fat of Longissimus dorsi than in the subcutaneous fat. This suggests that the composition of fatty acids may vary depending on the type of investigated tissues. Our suggestions are in agreement with the conclusions of other authors (e.g., Raes et al., 2004; Skiba et al., 2011) .
Moreover, we found differences between the investigated tissues in the concentrations of n-6 PUFA and n-3 PUFA. In the intramuscular fat, the concentration of EPA, DPA, and DHA increased more intensively than in the subcutaneous fat, even though the concentrations of LA and ALA were significantly higher in the subcutaneous tissue than in the intramuscular fat of the Longissimus dorsi muscle. Similar relations have been confirmed by other authors, including CONCLUSIONS Based on the results of our study it can be concluded that the fatty acid composition of the subcutaneous and intramuscular fat of pigs is related to the fatty acid concentration in the diet. Moreover, these relations were more evident in subcutaneous fat than in intramuscular fat. At the same content of lnoleic acid, the diet rich in omega-3 fatty acids containing a mixture of linseed oil and fish oil makes it possible to obtain the most beneficial ratios of PUFA/SFA and n-6/n-3 in pig carcasses. Thus, this diet could be useful in producing good quality pork with health-promoting properties.
